In a previous series of in vitro fertilization experiments with mice we found non-random combination of major histocompatibility complex (MHC) haplotypes in the very early embryos. Our results suggested that two selection mechanisms were operating: (i) the eggs selected speci¢c sperm; and (ii) the second meiotic division in the eggs was in£uenced by the type of sperm that entered the egg. Furthermore, the proportion of MHC-heterozygous embryos varied over time, suggesting that non-random fertilization was dependent on an external factor that changed over time. As a higher frequency of heterozygous individuals correlated with an uncontrolled epidemic by MHV (mouse hepatitis virus), we suggested that MHV-infection might have in£uenced the outcome of fertilization. Here, we present an experiment that tests this hypothesis. We infected randomly chosen mice with MHV and sham-infected control mice ¢ve days before pairing. We recovered the two-cell embryos from the oviduct, cultured them until the blastocyst stage, and determined the genotype of each resulting blastocyst by polymerase chain reaction. We found the pattern that we expected from our previous experiments: virus-infected mice produced more MHC-heterozygous embryos than sham-infected ones. This suggests that parents are able to promote speci¢c combinations of MHC-haplotypes during fertilization according to the presence or absence of a viral infection.
INTRODUCTION
The MHC (major histocompatibility complex) is a group of highly polymorphic genes known to be crucial in parasite^host interaction (Klein 1986) . The MHC has therefore been thought to be, either, under natural selection by some sort of parasite-driven balancing selection, or under sexual selection (see recent reviews in Potts & Wakeland 1993; Brown & Eklund 1994; Hedrick 1994; Apanius et al. 1997) . MHC-correlated mate preferences have been found in several mammalian species such as mice (Yamazaki et al. 1976 (Yamazaki et al. , 1979 (Yamazaki et al. , 1983 (Yamazaki et al. , 1994 Egid & Brown 1989; Potts et al. 1991) , rats (Singh et al. 1987; Brown et al. 1989) , and humans (Wedekind et al. 1995; Wedekind & Fu« ri 1997; Ober et al. 1997 , but see Hedrick & Black 1997 . In these examples the MHC appears to bias mate choice through its e¡ects on body odours and odour perception.
Sexual selection is not restricted to mate choice. It includes cryptic selection within the female reproductive tract (Eberhard 1996) . Such maternal selection can potentially occur at seven di¡erent levels (Wedekind 1994) . Yamazaki et al. (1983) demonstrated experimentally that pregnancy termination in mice can be induced by MHCcorrelated odours, and we found that the fertilization process itself is not random with respect to the MHC of the gametes (Wedekind et al. 1996) . Our ¢nding was based on a series of in vitro fertilization experiments with two inbred mouse strains congenic for their MHC. The observed non-random combinations of MHC haplotypes were the result of selection at two separate levels: (i) the oocyte's selective acceptance of sperm; and (ii) selective second meiotic division after the sperm has entered the egg. However, in our experiments it also became evident that MHC-correlated selection is in£uenced conditionally by at least one extrinsic factor. We hypothesized that an uncontrolled epidemic by MHV (mouse hepatitis virus) during the course of our experiments had caused a change in the outcome of this selection. The epidemic appeared to enhance the frequency of heterozygosity in the embryos, whereas an epidemic-free situation seemed to lead to more homozygous o¡spring. Here we present an experiment that tests this hypothesis.
METHODS
The experimental design is summarized in ¢gure 1. We crossed two inbred mouse strains congenic with respect to their MHC, C57BL^10 (H-2 b ) and B10BR (H-2 k ), to get F1 progeny which were heterozygous at their MHC but homozygous at most other loci. All mice were kept under speci¢ed pathogen-free conditions (FELASA recommendations, see Rehbinder et al. 1996) . When seven-to nine-weeks-old, F1 mice of both sexes were either infected per oral with 10 ml of an enterotropic wild-type strain of MHV (`infected') or treated with 10 ml physiological NaClsolution per oral (`sham-infected'), respectively (the inoculum consisted of 10% infant mouse intestinal homogenate with 10 61 0 7 ID 50 ; for the origin of the MHV sub-strain, see Homberger et al. (1998)) . The females were then treated for super ovulation to increase the number of oocytes by intraperitoneal injection of 5 iU PMSG (3 d post-infection) and 5 iU hCG intraperitoneally 48 h later (distributor of PMSG: Folligon 1 , Intervet; of hCG: Pregnyl 1 , Organon). On that day (respectively 5 d post-infection) males and females were paired within each experimental group (15 pairs per group). Thus, fertilization occurred at the time of highest virus titres (Barthold et al. 1993) . After 42 h posthCG-injection, we recovered the two-cell embryos from the oviduct. In six of the sham-infected and in one of the infected females we could not recover any living two-cell embryos (but often many degenerated or unfertilized eggs). These females were excluded from all further analyses.
We cultured the recovered two-cell embryos for 76 h (until they reached the blastocyst stage) in modi¢ed Biggers' medium (Biggers et al. 1971) at 37 8C and 5% CO 2 in air. The blastocysts were then transferred to a solution of pronase E (Sigma) to remove the zona pellucida and, possibly, existing remains of the polar bodies. They were then transferred singly into PCR tubes with 5 ml of double-distilled H 2 O and stored at 770 8C until all the blastocysts from each pairing had been collected. The H-2 genotype of each blastocyst was determined with allele-speci¢c PCR based on a polymorphic site at the Aa locus, and associated with allele discrimination by primer length (Cui et al. 1992) : in a second, nested PCR, alleles were ampli¢ed with speci¢c primers di¡ering in their 3'-end, and were discriminated on the basis of the length of the ampli¢cation product, because the Aa k -speci¢c primer had a 10-bp tail attached to its 5'-end (Cui et al. 1992) . We used the primers given in Cui et al. (1992) and followed the methods detailed in Wedekind et al. (1996) , with the following modi¢cations which clearly increased typing e¤ciency. The second, allele-speci¢c, PCR was done in a ¢nal volume of 10 ml with 2 mM of each dNTP and 0.02 ml of 33P-dATP. The ampli¢-cation products were separated on sequencing gels (6% acrylamide, 8 M urea) and visualized by autoradiography (see ¢gure 2). We used blastocysts instead of two-cell embryos to minimize errors associated with ampli¢cation of low copy number genes. A total of 16 blastocysts of known genotype served as controls. If a band appeared these controls were always correctly typed (three could not be typed).
To test whether the infection procedure was successful we collected ascending colon from both parents for a virus assay by PCR (Homberger et al. 1991) . This assay was negative for all sham-infected mice and positive for all MHV-infected ones except for two males.
RESULTS
On average, 15.9% of the embryos per female were degenerated and therefore could not be used for typing. The number of degenerated embryos was not di¡erent in the two experimental groups (t 70.20, p 0.84). We obtained an average of 16.6 (s.d. 6.0) blastocysts per female of which, on average, 15.5 (s.d. 5.5) could be typed for their MHC (the e¤ciency of typing was not signi¢cantly di¡erent between the two experimental groups, t 0.59, p 0.56; one female from which we obtained only two blastocysts was omitted from the further analysis). Overall, the average number of embryos that were degenerated or could not be typed for other reasons were 4.1 (s.d. 3.4) and 4.2 (s.d. 1.9) for infected parents and sham-infected parents, respectively (t 0.06, p 0.95).
MHV-infected parents produced signi¢cantly more MHC-heterozygous embryos than sham-infected ones (see ¢gure 3). The analysis in ¢gure 3 was based on frequencies of MHC heterozygotes per pair of parents, to take parental e¡ects into account (and to avoid pseudoreplication, see Hurlbert (1984) ). However, in both groups the result was not signi¢cantly di¡erent from 50% heterozygosity (infected females, t 1.41, p 0.18; sham-infected females, t 71.49, p 0.18, two-tailed). The frequencies of the two haplotypes in the embryos were also not signi¢cantly di¡erent between sham-infected and infected mice (average frequency of the H-2 k haplotype in sham-infected females, 0.467, s.e. 0.02; in infected females, 0.538, s.e. 0.03; comparison: t 71.77, p 0.09, two-tailed).
DISCUSSION
Virus-infected mice produced more MHC-heterozygous embryos than non-infected ones. This suggests that parents are able to promote the speci¢c combination of MHC-haplotypes according to the presence or absence of a viral infection. Parents could achieve this after intercellular signalling events by egg selection for sperm and/or by selectively biasing the outcome of the second meiotic division after the sperm has entered the egg. Our previous experiments suggest that both selection levels a¡ect the MHC-combination of the embryos (Wedekind et al. 1996) . MHC-dependent selection by the virus itself on the very early embryos is unlikely to have had an in£uence on our ¢ndings. Preimplantation embryos are protected against infections by MHV and resulting cytopathic e¡ects as long as the zona pellucida is intact (Reetz et al. 1988) . Furthermore, the proportion of blastocysts that could not be typed did not di¡er signi¢cantly between the two experimental groups.
Several authors have previously searched for deviations from the expected ratios of MHC-heterozygosity in the progeny of controlled-matings. They reported a signi¢cant variability of MHC-heterozygote frequencies which, however, remained poorly understood because there appeared to be a general inability to replicate previous ¢ndings (see discussion in Hings & Billingham (1985) ). The outcome of our experiment could lead to an explanation for the controversial ¢ndings published before, as we could do our experiments under de¢ned hygienic conditions with a selective and monitored viral infection, i.e. we could control for a factor (infection) that was not controlled in the previous studies and that could have in£uenced their outcome.
The list of papers starts with Gorer & Mikulska (1959) . They reported signi¢cant deviations from the expected ratios of MHC-heterozygous progeny of backcross matings in mice. However, the excess of MHC-heterozygotes was reduced in later phases of their breeding programme. Gorer & Mikulska speculated that a parasite temporarily existing in the colony might have caused this change over time by having a more pronounced adverse e¡ect on MHC-homozygous o¡spring. Palm (1969) performed controlled pairings of rats to test whether she could ¢nd more MHC-heterozygotes at weaning than expected by chance. In a ¢rst set of experiments with seven types of crossings and 466 o¡spring, she found a signi¢cant excess of heterozygotes (55.8% compared with the 50% null-expectancy). In a second set of experiments with four types of crossings and 402 o¡spring she found only a slight, and overall not signi¢cant, excess of heterozygotes (53.0%). However, the data of this second set were very heterogeneous: in some matings an excess of heterozygotes was obvious, in others no such excess was visible. Overall, the maternal genotype seemed to in£uence the distribution of MHC-alleles in the progeny, but not in a simple deterministic way. Palm (1969) mentioned a very high preweaning loss of progeny in her experiments, suggesting that either a non-identi¢ed selective agent (e.g. a pathogen) could have produced the results through selectively favouring heterozygotes (natural selection), or that such a selective agent could have in£uenced a possible maternal selection for certain MHC-genotypes (sexual selection). Palm then conducted a third set of experiments (Palm 1970) in which she observed no overall signi¢cant excess of MHC-heterozygotes or MHC-homozygotes. The unexplained mortality in this third set was about ¢ve times smaller than in the previous experiments. Hings & Billingham (1981 , 1985 attempted to reproduce Palm's ¢ndings. In their ¢rst study (Hings & Billingham 1981) they found a signi¢cant excess of MHCheterozygous male o¡spring in untreated rats but no deviation from Mendelian expectations when parents were treated by an antibiotic (tetracycline in drinking water). As the o¡spring of untreated rats experienced a much higher mortality rate than the o¡spring of rats treated with antibiotic, they concluded that the di¡erence may be largely owing to an infection. In their second set of experiments, Hings & Billingham (1983) compared the frequencies of MHC-heterozygous o¡spring in increasing parity. In all the set-ups the percentage of heterozygotes was between 44.1% and 55.8%, and in most of them, increasing parity did not correlate with the frequency of MHC-heterozygous o¡spring. However, parents treated with tetracycline showed a signi¢cant decrease of MHCheterozygosity from the ¢rst to the last litters (55.74 4.9%), i.e. the longer the rats have been treated with antibiotics, the higher the frequency of MHC-homozygous o¡spring they produced. This change was associated with
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Proc. R. Soc. Lond. B (1998) Figure 3 . Frequency of MHC-heterozygotes per pair of parents who were either infected with mouse hepatitis virus or sham-infected. These frequencies were di¡erent for infected and sham-infected pairs of parents (t 2.04, p 0.03, directed (Rice & Gaines 1994) ) according to the prediction of our previous study (Wedekind et al. 1996 ; when tested two-tailed the p-value would be 0.05). a slight and not signi¢cant decrease in mortality. After two years, the same authors presented another large-scale study (Hings & Billingham 1985) where they again found a signi¢cant decrease of MHC-heterozygosity from the ¢rst to the last litter in parents treated with tetracycline (55.4^42.7%), this time associated with a clear decrease in infant mortality from the ¢rst three litters to the last one.
All these experiments did not allow for a discrimination between the two alternative hypotheses, namely whether the excess of heterozygotes was the result of selection by the infection itself or the result of a preference for heterozygous o¡spring by the infected mothers. However, another interesting ¢nding of the last study by Hings & Billingham (1985) was that a certain strain combination tested was found to result in a signi¢cant excess of heterozygous o¡spring, but only if the strain combination was F1 female Â F1^DA male instead of F1^DA female Â F1 male. The interesting point here is that the o¡spring of these two matings are expected to be, on average, of the same MHC-genotypes, i.e. the excess of heterozygosity of the one pairing is unlikely to be simply the result of a general increase in vigour of MHC-heterozygote o¡spring. Factors other than that appeared to play a role in determining the excess of MHC-heterozygotes.
The next data set on mice was derived by Potts et al. (1991) . They tested speci¢cally for MHC-related selectivefertilization or abortion by controlled laboratory matings. When analysing the MHC-types of embryos, they found a 6% excess of MHC-heterozygotes which was, however, statistically not signi¢cant. The authors suggested that their colonies were loaded with pathogens as they were wild-derived and no special treatment was undertaken to keep the mice uninfected. Hence, these mice may be comparable, to some degree, to the infected mice in our study.
Most deviations from the null-expectancy reported in these previous studies were within the range of deviation reported in the present one, i.e. around AE 5%. Furthermore, an excess of MHC-heterozygotes appeared to be more likely when mortality rates among the preweaning o¡spring were high, i.e. under conditions that indicate an epidemic in the laboratory at the time the experiment took place. Animals treated with tetracycline produced less MHC-heterozygotes the longer they had been treated. At the end of treatment their frequency of MHC-homozygous o¡spring was in the range of the non-infected animals in the present study.
In some other taxa, non-random fertilization is a wellknown phenomenon. In a population of sand lizards (Lacerta agilis) where most females mate with more than one male, the male's genetic similarity to the female correlates with the proportion of o¡spring sired by the male: more dissimilar males sire more o¡spring, both in the ¢eld and in the laboratory (Olsson et al. 1996) . Olsson and co-workers concluded that the female reproductive tissue actively selects for genetically dissimilar sperm (see also Olsson et al. 1997) . In the ascidian Diplosoma listeranum, a colonial, sessile, marine ¢lter-feeder that disperses sperm into surrounding water, sperm are taken-up and pass up the oviduct to reach the oocyte within the ovary. Autoradiography of labelled sperm revealed that sperm from the same clone are normally stopped in the oviduct whereas sperm from other clones progress to the ovary (Bishop 1996) . Gametic self-incompatibility has been intensely studied in the hermaphroditic tunicate Ciona intestinalis (see, for example, Rosati & de Santis 1978; de Santis & Pinto 1991) . Self-discrimination occurs in the vitelline coat, is established there in late oogenesis, and is controlled by products of overlying follicle cells. Self-sterility in this species is not absolute but appears to depend on still unidenti¢ed factors (Rosati & de Santis 1978; de Santis & Pinto 1991) . Further examples that suggest non-random fertilization are reviewed in Eberhard (1996) and Zeh & Zeh (1997) , but Simmons et al. (1996) and Stockley (1997) could not ¢nd it in yellow dung £ies and in common shrews, respectively. Whereas the loci involved in the reproductive compatibility or incompatibility are not yet known in the above examples, they are known in at least several plants and in a tunicate. Growth of the pollen tube is often a¡ected by the stigma and depends on the combination of male and female alleles on the selfincompatibility locus (see, for example, Franklin-Tong & Franklin 1993) . In the tunicate Botryllus sp., eggs appeared to resist fertilization by sperm with the same allele on the fusibility locus for a longer period than sperm with a di¡erent allele on the fusibility locus (Sco¢eld et al. 1982) .
The physiology behind the conditional selection we have observed here is far from being clari¢ed (see Wedekind et al. 1996) . However, we can discuss its possible function: the observed selection may be associated with a ¢tness advantage of certain MHC-combinations under given environmental conditions, e.g. the presence or absence of a viral infection. Homo-or heterozygosity at the MHC a¡ects T-cell receptor repertoire selection (Vukusic et al. 1995) and presentation of MHC-antigens on cell surfaces (O'Neill & Blanden 1979) . Both could be responsible for a variable expression of autoimmune disease and a variable expression of immune response to an infection (Doherty & Zinkernagel 1975; O'Neill & Blanden 1979; Apt 1990; Bacon & Witter 1995) . In humans, for example, it appears that homozygous individuals have generally lower immune responses to hepatitis B vaccines or infection than heterozygous ones (Alper et al. 1989; Pollicino et al. 1996; Thurz et al. 1997) . This suggests that producing heterozygous o¡spring under the threat of an infection by hepatitis could give a ¢tness advantage. However, not much is known about a possible advantage of homozygous o¡spring under hepatitis-free conditions in humans. Furthermore, the comparison between human hepatitis B and MHV may be problematic in some respect. There is still a great need for research on the bene¢cial or deleterious aspects of various homo-or heterozygous combinations of MHC-alleles under given environmental conditions.
CONCLUSION
The ¢ndings reported here con¢rm that gamete fusion in mice is not random with respect to the MHC (Wedekind et al. 1996) , and that it is in£uenced by an external factor, i.e. an infection. The incidence of epidemics will therefore have an impact on the outcome of gamete fusion. As infections are likely to change over time and di¡er between di¡erent laboratories, it may not be surprising that some previous ¢ndings could not be replicated. We therefore suggest that the controversial ¢ndings published before were in£uenced by the presence or absence of infections. However, the selective advantage of MHC-homozygosity for uninfected animals and MHCheterozygosity for infected ones remains to be demonstrated. This advantage could be connected, for example, to T-cell ontogeny, i.e. to potential higher costs of T-cell receptor repertoire selection for MHC-heterozygotes, or to the wider range of pathogen-speci¢c peptides that can be presented by MHC-heterozygotes. The former argument could select for MHC-homozygotes under pathogen-free conditions, whereas the latter may select for MHC-heterozygotes under infectious conditions.
